Abstract: Visual optics for brain-computer interfaces (BCIs) has undergone several developments. Currently, visual optics only provides multiple single-light sources, which limit its applications. This study uses several single-light sources to achieve continuous-phase visual optics. This is combined with a liquid-crystal display (LCD) panel to develop an interactive instrument. Although light synthesis is a nonlinear process, the nonlinear problem is solved by increasing the number of light sources. The measurement data confirm that the phase is approximately linear. This interactive instrument is useful in the biomedical engineering field because it predicts user gaze location.
Introduction
Visual evoked potential (VEP) has been used to diagnose a function of frequency from both normal users and glaucoma patients with asymmetric visual-field loss in various stages of the disease [1] . VEP has the characteristic of being dominated by the response induced from the visual stimulus located at the user's central visual field [2] - [5] , which is called Bcortical magnification[ [4] , [5] . In the biomedical engineering field, visual optics used in brain-computer interfaces (BCIs), generally referred to as VEP-based BCIs, has undergone several developments [6] , [7] . This system helps patients with diseases such as amyotrophic lateral scleroses, and it allows users to control external devices or express their intentions independent of peripheral neuromuscular functions. BCIs use visual optics to evoke an electroencephalogram (EEG). Different visual-optic characteristics yield different EEG results. Studies [8] - [14] have used frequency-encoding techniques to implement a VEP-based BCI to assist patients in achieving mobility. To achieve the same goal, Sellers et al. [15] used a liquid-crystal display (LCD) screen with event-related potential to evoke EEGs. References [16] and [17] also developed visual optics for flash visual-evoked potential. Studies usually use frequency encoding to derive phase encoding [18] , [19] . This method has several advantages, including its simple system structure, fast response, and high accuracy. Several studies [18] - [21] have developed an online BCI based on phase encoding.
Visual optics currently only provides multiple single-light sources (option). This means that visual optics conveys a fragmented result. For example, visual optics can be used to control cursor direction (left or right) but cannot control cursor-moving distance. Moving a cursor a certain distance using the traditional method requires more time, but the method proposed in this study instantly locates the cursor. The traditional methods and the proposed method exhibit digital control {0, 1} and analog control [0, 1] differences. This study produces a continuous-phase visual optics system. The continuous-phase system is used in a backlit module and combined with an LCD panel to form an interactive BCI. This system integrates visual optics with a display interface in the same field of view, facilitating use and menu design. This study examines a visual stimulator and its simulation, implementation, and measurement results.
Principle of Visual Optics and Simulation
A previous study [18] proposed phase-encoding visual optics. Phase encoding divided signals into eight phases, and a separate LED displayed each phase. In other words, the system provided eight options to the user. The light sources of the eight LEDs did not interfere with each other in space. This study develops the reverse of this operation, using light sources from adjacent LEDs to synthesize the other phases, as shown in Fig. 1 . Fig. 1(a) shows that the light sources of adjacent LEDs overlap, and the lights are projected onto a white acrylic slice. Using different phases and (1) to synthesize other phases, aðx Þ is the single-light source projection intensity on the white acrylic slice, and x is a position on the white acrylic slice. Simulation result 1 ðx Þ is the relationship between phase and position, shown in Fig. 1(b) , where d ¼ 3:2 cm, and Á ¼ 3:2 cm is the interval between LEDs. Thus Fig. 1 shows that (1) represents the synthetic light phase, where t is time, E 1 ðt ; x Þ is the intensity relationship between time and position on the white acrylic slice, and a 1 ðx Þ is the synthetic intensity on the white acrylic slice. To simulate the accuracy of the results, aðx Þ for normalization is obtained by measurements, as shown in Fig. 2 (a). 1 ðx Þ is obtained using (2) . 1 ðx Þ is a function of x , and it experiences a phase change because of differences in position x . If the continuous phase is synthesized from two light sources, 1 ðx Þ returns a nonlinear result, as shown in Fig. 1(b) . Although the phase between LED1 and LED2 seems to be linear, it uses a range that is smaller than expected (i.e., not between 45 and 90 ). However, to achieve a linear result and expand the phase range, the number of LEDs must increase. Therefore, the 360 phase angle is divided into eight equal portions, based on suggestions in the literature [18] Fig. 2(b) and (c) shows the simulation results. Fig. 2(b) shows the light intensity of E 2 ðt ; x Þ, and o represents the LED locations. Because the light intensity of the backlit module must be consistent, a range of x ¼ 5 to 30 cm was used. The system must also consider actual use, which means that the phase is in the linear region. Phase 2 ðx Þ is 
Implementation
The VEP-based BCI [6] , [8] - [10] , [17] - [21] contains visual optics and an output device. The output device function represents user choices. This study uses a 15-in LCD screen to create the visual optics and output device. The BCI system output device is an LCD panel, and the visual optics is a backlit module. The backlit module must use phase coding; therefore, backlit modules must be produced. Of the LCD screen, only the LCD panel and the LCD drive were retained; the backlit module and the LED controller were added. The white LED was used as the backlight, and it was a surface-mounted device package type. The LEDs were arranged in an array (10 : 8) according to the size of the LCD screen, as shown in Fig. 3 . Most LEDs in the array were used as a backlight.
Only the third LED array row was used to realize visual optics that contained phase encoding, as shown in the LED array PCB (Printed Circuit Board) in Fig. 3 . Frequency selection was based on suggestions in the literature [22] , and its maximal amplitude was almost 22.8 Hz, and it used square waves to drive the LEDs. The square wave is a simple and easy method of implementing phase encoding [18] , which requires an additional trigger event for the extraction phase. Sðt Þ represents square wave Sðt À t 0 Þ, t 0 ¼ 0 s represents 0 square wave Sðt À t 1 Þ, t 1 ¼ 1=ð22:8 Á 8Þ ¼ 5:48 ms represents a 45 square wave, and so on. The synthesis of 10 of these signals, E 3 ðt ; x Þ, is calculated using (4). According to the simulation results, LEDs must be spaced 3.2 cm apart, and the backlight must be uniform. Thus Fig. 4 shows the hardware architecture of the visual optics for the LCD screen. Fig. 4(a) shows the LED driver, LED array PCB, and LED controller. Fig. 4(b) shows that the LCD panel and the LCD driver are attached to the white acrylic slice.
Results
A grid was printed on the white acrylic slice to obtain accurate data, as shown in Fig. 5(a) . Each grid square is 0.5 cm Â 0.5 cm. After measuring light intensity on the white acrylic slice, this intensity was normalized. The third row of LEDs in the LED array PCB was defined as located at y ¼ 0 in Fig. 5(a) . The data were measured based on suggestions from the literature [18] . Light intensity a 3 ðx Þ is the sine-wave amplitude, and phase 3 ðx Þ is the sine-wave delay time. Fig. 5(b) and (c) shows the results. Fig. 5(b) displays the normalized light intensity, which shows that light intensity is unevenly distributed. Although light intensity distribution deviates slightly, this does not affect the continuous-phase results, as shown in Fig. 5(c) . Fig. 5(c) shows the relationship between x and phase 3 ðx Þ of the LCD screen. A linear relationship exists between x ¼ 5À30 cm. These results are similar to the simulation results. Fig. 5(c) shows that the phase range from 15.65 to 345.2 is the linear range.
In the application of VEP based on BCI, we are more interested in the phase data of LED. The linear phase degree is particularly important. Differential calculus is used to describe the linear degree, and Fig. 6(a) is obtained from Fig. 5(c) . Similarly, Fig. 6(b) is obtained from Fig. 2(c) . The measurement results and simulation results are similar. The degree of linearity is identified using Fig. 6(a) . The two data margins show that the results are not suitably linear; therefore, the BCI system excludes the x G 5 and x 9 30 regions. The simulation results in Fig. 6(b) reflect the same situation. In the 5 G x G 30 region (gray box), although the measurement result is not a constant, it varies between 10 and 15. Simulation results, such as minor swing, can be tolerated, showing that the results are approximately linear. This shows that the LCD panel was placed at x ¼ 5 to 30 cm, which is approximately a linear region.
In VEP-based BCI applications, user gaze is located on an LCD screen. The BCI system obtains EEG phase data EEG ðt Þ by calculating the user's EEG. The EEG phase data are then linearly transformed to estimate user-gazed location x 0 . However, the estimated result x 0 and actual result x do not match because the BCI system does not know the LED phase data in Fig. 5(c) . Normally, the BCI system requires a user to gaze at two points on the LCD screen to calculate the EEG and x 0 phase data, where x 0 is a known location on the LCD screen. The BCI system must obtain two fixed points (phase and x 0 ) to calculate the linear equation. For example, using (73.32 , 10) and (283.4 , 25) in Fig. 5(c) allows the calculation of (5). After the BCI system obtains the phase data, it uses mapping to obtain estimated location x 0 . If the BCI system has the measurement data in Fig. 5(c) , it can identify actual location x . If the measurement data are unknown, it must estimate location x 0 . In order to understand this problem, a known phase was used to obtain the location error using (5) and Fig. 5(c) . Subtracting x 0 from x produces Fig. 7 , which shows the error that also approximates the degree. The figure shows that a large error exists at the margin, but this error value is acceptable for user gaze location. The other error values are small. Based on this situation and the use of synthetic light, the method of realizing the linear-phase system is feasible. Thus
VEP-based BCI accounts for central visual field offset. In other words, when the central visual field does not focus on y ¼ 0, whether the phase results have been affected is unknown. To clarify this situation, the measurement phase results are extended to two dimensions. Fig. 5(a) shows the measurement ranges. Light intensity and phase were measured within the grid, and Fig. 8 shows these results. Fig. 8(a) and (b) shows the same normalized light intensity results, and Fig. 8 
Conclusion
This study proposes novel visual optics for VEP-based BCI using synthetic light to achieve a linear phase. Although the LCD screen has a phase from 0 to 360 , the central visual field phase can be reacted in the brain using cortical magnification [4] , [5] . This means that EEG results can be used to identify user gaze location. The system must have a linear phase to use the simplest method of estimating the relationship between the EEG phase and the value of x . The BCI system can then predict the user gaze location. This system provides a visual method of controlling a computer cursor, allowing patients to operate a computer. The LCD screen measurement data confirm that the phase is approximately linear. The data prove that using a finite light source to achieve a linear phase is feasible. Fig. 7 shows that the difference between estimated x 0 and actual x error is small.
